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Anesthetized rodent models are ubiquitous in pre-clinical neuroimaging studies.
However, because the associated cerebral morphology and experimental methodology
results in a profound negative brain-core temperature differential, cerebral temperature
changes during functional activation are likely to be principally driven by local inflow
of fresh, core-temperature, blood. This presents a confound to the interpretation of
blood-oxygenation level-dependent (BOLD) functional magnetic resonance imaging
(fMRI) data acquired from such models, since this signal is also critically temperature-
dependent. Nevertheless, previous investigation on the subject is surprisingly sparse.
Here, we address this issue through use of a novel multi-modal methodology in the
urethane anesthetized rat. We reveal that sensory stimulation, hypercapnia and recurrent
acute seizures induce significant increases in cortical temperature that are preferentially
correlated to changes in total hemoglobin concentration (Hbt), relative to cerebral blood
flow and oxidative metabolism. Furthermore, using a phantom-based evaluation of the
effect of such temperature changes on the BOLD fMRI signal, we demonstrate a robust
inverse relationship between both variables. These findings suggest that temperature
increases, due to functional hyperemia, should be accounted for to ensure accurate
interpretation of BOLD fMRI signals in pre-clinical neuroimaging studies.
Keywords: cortical temperature, cerebral metabolic rate of oxygen, cerebral hemodynamics, sensory stimulation,
hypercapnia, seizures, BOLD fMRI
INTRODUCTION
Negative brain-core temperature diﬀerentials, such that the brain temperature is lower than
that of the body-core, are commonly seen in small animals whose brains have high surface to
volume ratios and are particularly vulnerable to heat exchange with the environment (Zhu et al.,
2009). Anesthesia can amplify these eﬀects (Shirey et al., 2015), insofar as brain temperatures in
anesthetized rats are ∼1◦C lower in the deep brain than in the core, and decrease progressively
Frontiers in Neuroscience | www.frontiersin.org 1 August 2018 | Volume 12 | Article 550
Harris et al. Cortical Temperature in Anesthetized Rat
outward to a maximal deﬁcit of 3–4◦C at the cortical surface (Zhu
et al., 2006). Cortical temperatures directly below craniotomies
in isoﬂurane-anesthetized mice can be even more dramatic,
being up to 10◦C cooler than the core body temperature
(Kalmbach and Waters, 2012), possibly as a result of a profound
“toxic insult” response to this anesthetic agent (Shirey et al.,
2015). Inﬂow of fresh arterial blood at core temperature into
functionally activated cortical regions, in both anesthetized
and awake rodents, thus leads to a large increase in local
tissue temperature through heat exchange (Zhu et al., 2009).
Heat production during increases in cerebral metabolic rate of
oxygen (CMRO2) with functional activation also contribute to
changes in local brain temperature, but are thought to have
a comparatively small inﬂuence on brain temperature relative
to blood ﬂow in the presence of large resting brain/core-body
temperature diﬀerentials (Yablonskiy et al., 2000; Collins et al.,
2004; Zhu et al., 2006, 2009). Nevertheless, this has not been
comprehensively studied across a range of physiological and
pathological activation.
Changes in brain temperature also aﬀect the rate of local
chemical reactions, such that the average Q10 temperature
coeﬃcient (change in chemical reaction rate with a temperature
increase of 10◦C) in the brain is 2.3 (Swan, 1974), suggesting
that a small change in brain temperature could induce a
signiﬁcant change in cerebral metabolic rate (Zhu et al., 2009).
Furthermore, brain temperature changes can also aﬀect the
aﬃnity of hemoglobin (Hb) for oxygen (the Bohr eﬀect), with
blood oxygen saturation changing by several percent with every
◦C change (Yablonskiy et al., 2000). These phenomena have
been exploited to infer changes in brain temperature from
human blood-oxygenation level dependent (BOLD) functional
magnetic resonance (fMRI) signals (Yablonskiy et al., 2000;
Sotero and Iturria-Medina, 2011), which rely on the incompletely
understood interplay between cerebral blood ﬂow, metabolism
and Hb oxygenation (Ogawa et al., 1993). Decreased oxygen
aﬃnity of Hb has also been suggested to underpin a negative
correlation between BOLD signal intensity and manipulated
increases in body temperature (37–39◦C) of anesthetized rats
(Vanhoutte et al., 2006). Importantly, however, MR relaxation
properties were also found to change with induced temperature
changes in human adipose tissue, muscle, and bone samples
(Petrén-Mallmin et al., 1993). This implies that BOLD fMRI
signals during functional activation can be modulated by non-
physiological temperature variations in the absence of Hb or
metabolic ﬂuctuations. Remarkably, this confound has not been
previously accounted for in BOLD neuroimaging studies using
anesthetized rodent models, which possess profound negative
brain-core temperature diﬀerentials and are thus predisposed
to large increases in brain temperature during functional
hyperemia (Zhu et al., 2009). Importantly, this eﬀect may also
have implications for pre-clinical studies using craniotomies
to elucidate the underpinnings of the BOLD signal through
novel combination with other optical modalities such as optical
imaging spectroscopy (Kennerley et al., 2005), calcium imaging
(Schulz et al., 2012; Liang et al., 2017), optogenetics (Lee
et al., 2010; Schmid et al., 2017) and, potentially, two-photon
microscopy (Cui et al., 2017).
Accordingly, we have sought to address these unresolved
questions through development of a novel multi-modal
methodology that provides concurrent recordings of cortical
temperature, blood ﬂow and total hemoglobin concentration
(Hbt), as well as estimates of CMRO2 through measures of
tissue oxygenation. We aimed to quantify and interrogate
the relationship between cortical temperature responses
and hemodynamic and metabolic variables during sensory
stimulation, hypercapnia, and recurrent acute seizures, in
the urethane-anesthetized rat cortex – a popular model
employed in pre-clinical BOLD fMRI studies. We demonstrate
that this spectrum of brain activation induces signiﬁcant
increases in cortical temperature that are most closely
correlated to changes in Hbt. Finally, through phantom-
based evaluation, we show that such temperature increases,
in of themselves, markedly, and inversely, aﬀect the
BOLD fMRI signal. Our results provide important insights
into the mechanisms underlying temperature increases
during functional activation in a common pre-clinical
model, and underscore the importance of considering
temperature-dependent confounds in relevant neuroimaging
studies.
MATERIALS AND METHODS
Animal Preparation and Surgery
All procedures were conducted with approval from the UK
Home Oﬃce under the Animals (Scientiﬁc Procedures) Act
of 1986. Female hooded Lister rats (total N = 11 weighing
260–325 g) were kept in a 12 h dark/light cycle environment at
a temperature of 22◦C, with food and water ad libitum. Animals
were anesthetized with urethane (1.25 g/kg, i.p). Urethane is a
popular anesthetic in non-recovery pre-clinical neuroimaging
studies as it provides long-term stable anesthesia reminiscent
of natural sleep (Pagliardini et al., 2013), and preserves
excitatory and inhibitory synaptic transmission (Sceniak
and MacIver, 2006) and neurovascular coupling (Berwick
et al., 2008). Furthermore, the spatial–temporal pattern of
stimulus induced hemodynamic responses (Devor et al., 2005),
and the relationship between neural activity and the BOLD
fMRI response (Huttunen et al., 2008), do not diﬀer between
urethane and alpha-chloralose, another anesthetic widely used
in neurovascular studies (Masamoto and Kanno, 2012). Animal
core-body temperature was maintained at a stable 37◦C using a
homoeothermic blanket and rectal probe (Harvard Apparatus)
and room temperature was thermostatically controlled to
be a constant at 19.1◦C. Animals were tracheotomized and
artiﬁcially ventilated with medical air, with blood-gas and end-
tidal CO2 measurements taken to adjust ventilator parameters
and maintain the animal within normal physiological limits.
The left femoral artery and vein were cannulated to allow the
measurement of arterial blood pressure and phenylephrine
infusion (0.13–0.26 mg/h to maintain normotension between
100 and 110 mmHg), respectively (Berwick et al., 2005, 2008).
The animal was secured in a stereotaxic frame throughout
experimentation and the skull overlying the right parietal
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cortex thinned to translucency for optical imaging. A layer of
cyanoacrylate glue was applied over the thinned skull to preserve
skull integrity and reduce optical specularities from the brain
surface.
Optical Imaging Spectroscopy and
Localization of Whisker Barrel Cortex
Two-dimensional optical imaging spectroscopy (2D-OIS) was
used to produce images over time of Hbt, using a heterogeneous
tissue model as described previously (Berwick et al., 2005, 2008;
Kennerley et al., 2009). Hbt can be further interpreted as cerebral
blood volume (CBV), under the reasonable assumption of a
constant hematocrit. Brieﬂy, the cortex was illuminated at four
wavelengths (495 ± 31 nm, 559 ± 16 nm, 575 ± 14 nm,
and 587 ± 9 nm FWHM) using a Lambda DG-4 high
speed ﬁlter changer (Sutter Instrument Company, Novata, CA,
United States) and image data synchronized to the ﬁlter switching
and recorded at 8 Hz using a Dalsa 1M30P camera (Billerica,
MA, United States, each pixel representing ∼75 µm2). Spectral
analysis of image data consisted of a path length scaling
algorithm (PLSA), which consisted of a modiﬁed Beer–Lambert
law in conjunction with a path-length correction factor for
each wavelength used, based on multi-layered Monte Carlo
simulations of light transport through tissue (Wang et al.,
1995; Berwick et al., 2005, 2008). The 2D-OIS camera lens
was ﬁtted with a 750 nm low-pass ﬁlter to prevent cross-
talk from a Laser-Doppler ﬂowmetry (LDF) probe operating at
830 ± 10 nm (see below), and the transmission curve of the
ﬁlter accounted for in the spectral analysis. The somatosensory
barrel cortex was localized prior to experiments by brieﬂy
electrically stimulating the left (contralateral) whisker pad using
two subcutaneous electrodes (30 trials, 2 s, 5 Hz, 1.2 mA,
0.3 ms pulse width). Resultant 2D-OIS data were averaged
and subjected to the aforementioned spectral analysis, and
spatiotemporal changes in Hbt were analyzed using statistical
parametric mapping (SPM) so as to localize the cortical region
activated by whisker stimulation (as described previously, Harris
et al., 2013; Figure 1A).
Multi-Sensor Probe Recordings
A multi-modal sensor comprising of a thermocouple,
luminescence-based oxygen, and LDF probe (Oxford Optronix,
United Kingdom) was used to record cortical temperature,
tissue oxygenation (tpO2), and blood ﬂow (CBF), respectively,
during functional activation (Trübel et al., 2006). The sensor
was implanted into barrel cortex after localization of the
region by 2D-OIS. The thermocouple and luminescence probes
provided an absolute measure of temperature (± 0.1◦C) and
tpO2 (± 0.1 mmHg), respectively, with the laser Doppler probe
providing a measure of relative changes in CBF. Signals were
ampliﬁed and digitized using a 2-channel OxyFlo Pro system
(Oxford Optronix, United Kingdom) and sampled at 1Hz using
a CED Power 1401 and Spike2 software (Cambridge Electronic
Design, Cambridge, United Kingdom). The multi-sensor probe
was aﬃxed to a stereotaxic holder and inserted to a cortical depth
of 500 µm.
Brain Activation Paradigm
Physiological and pathological functional activation was
induced by somatosensory stimulation, graded hypercapnia
and induction of recurrent acute focal neocortical seizures.
Whisker stimulation consisted of 16 s trains of electrical pulses
(5 Hz, 1.2 mA intensity, 0.3 ms pulse width) delivered to the
whisker pad using two subcutaneous electrodes (15 trials, 70 s
inter-trial interval, 10 s baseline, 5 animals) (Harris et al.,
2013). Hypercapnia was induced in two further independent
experimental runs, during which the fraction of inspired CO2
(FiCO2) was increased to 5 or 10% for 190 s (3 trials, 380 s
inter-trial interval, 20 s baseline, 5 animals). Experimental
seizures were induced in a separate group of animals (N = 6)
since hypercapnia has been previously shown to have a strong
anti-convulsant action (Tolner et al., 2011). Fluidic probes were
loaded with the potassium channel blocker 4-aminopyridine
(4-AP, 15 mM, 1 µl, Sigma, United Kingdom) to induce
recurrent focal neocortical ictal-like discharges, as described in
detail previously (Harris et al., 2014a; Ma et al., 2014). Brieﬂy,
a 10 µl Hamilton syringe and syringe pump (World Precision
Instruments Inc., Sarasota, FL, United States) was used to infuse
4-AP into right barrel cortex at a depth of 1,500 µm over a 5 min
period (0.2 µl/min) (Harris et al., 2014a,b). Multi-sensor and
2D-OIS measures were recorded concurrently for 7,000 s with
4-AP injection following a 280 s baseline period.
fMRI Phantom Experiments
Phantom BOLD-fMRI was conducted using a 7 Tesla
preclinical MRI system (Bruker BioSpec, 310 mm bore).
The phantom consisted of a sterile polypropylene tube (length
114 mm × diameter 28 mm, Sarstedt AG & Co, Germany) ﬁlled
with saline (50 ml, 0.9%). An MR-compatible thermistor probe
(YSI-402, CWE, United States), connected to a temperature
monitor (± 0.1◦C, TC-100, CWE, United States), was placed
at the center of the phantom, and phantom temperature
continuously sampled throughout fMRI experiments at 100 Hz
using a CED Power 1401 and Spike2 software (Cambridge
Electronic Design, Cambridge, United Kingdom). The phantom
was preheated prior to experiments to a temperature of 40◦C
using a homoeothermic blanket (Harvard Apparatus), placed
inside the magnet bore, and allowed to cool. BOLD-fMRI data
were acquired during phantom cooling using a fast low-angle
shot (FLASH) sequence with ﬂip angle 30◦, ﬁeld of view
35 mm × 35 mm, acquisition matrix 128 × 128, slice thickness
2 mm, and TR/TE = 125 ms/6 ms, 125 ms/12 ms, 1,000 ms/6 ms,
and 1,000 ms/12 ms (number of acquisitions = 250, 250, 30,
and 30, respectively). Notably, the latter TR/TE pulse sequence
parameters matches the repetition and echo time, respectively,
of a typical Gradient Echo-Echo Planar Imaging (GE-EPI)
based fMRI study of the awake and anesthetized rat brain
(e.g., Kennerley et al., 2012; Martin et al., 2013). Please see
the Discussion section for the motivation behind favoring
FLASH over a GE-EPI sequence in the current manuscript.
A 35 mm ID volume resonator was used for RF transmission
and reception. A region of interest (ROI) on resultant coronal
images, imported into Matlab (MathWorks, United States),
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was selected adjacent to the thermistor location, and the signal
intensity over time averaged across selected voxels. Changes in
phantom temperature within the range 38–24◦C during each
BOLD fMRI acquisition were subsequently extracted and related
to concomitant BOLD signal intensity.
Data and Statistical Analysis
Cerebral metabolic rate of oxygen (CMRO2) was estimated
from CBF and tissue oxygenation (tpO2) recordings using the
following relationship (Gjedde, 2005):
tpO2 = P50
h
√
2CaCBF
CMRO2
− 1−
2CMRO2
3L
P50, h, and Ca denote standard values for half-saturation
tension (36 mmHg), the Hill coeﬃcient of the oxygen–
Hbt dissociation curve (2.7), and the arterial oxygen
concentration (8 µM/ml), respectively. L is the eﬀective
diﬀusion coeﬃcient of oxygen in brain tissue and was calculated
to be 7.47 ± 0.91 µM/100 g/min/mmHg (N = 21, across
stimulation, hypercapnia and seizure experiments) based
on trial-averaged baseline tpO2 values in each experiment,
a baseline CBF value of 47 ml/100 g/min, previously
obtained in our laboratory using the same anesthetized rat
preparation (He et al., 2007), and a baseline CMRO2 value
of 219 µM/100 g/min (Zhu et al., 2002). This method for
estimation of CMRO2 changes has been routinely employed
in the study of vascular and metabolic responses in the
healthy rodent (Jessen et al., 2015), as well as during cortical
spreading depression (Piilgaard et al., 2011; Fordsmann et al.,
2013), and acute seizure activity in rat (Zhao et al., 2011;
Harris et al., 2018). Furthermore, our calculated value of L is
consistent with the eﬀective diﬀusion coeﬃcient of oxygen in
brain tissue computed in the aforementioned studies (range
∼4.1–11.3 µM/100 g/min/mmHg).
Hbt time-series responses in barrel cortex to whisker
stimulation were extracted by deﬁning a ROI over Hbt image
data in each animal, such that pixels possessing >80% of
the maximum change in evoked Hbt during the stimulation
period were automatically selected. This same ROI was also
employed for extraction of Hbt time-series responses to graded
hypercapnia in the same animal. Due to variable propagation
dynamics during seizure activity (Ma et al., 2012), we manually
deﬁned a ROI which ﬂanked the multi-sensor and ﬂuidic probes,
and encapsulated a well-mixed vascular compartment (arterial,
venous, and parenchymal). Hbt time-series of all pixels in each
ROI were subsequently averaged for each animal and normalized
to the baseline period prior to sensory stimulation, hypercapnia
or 4-AP infusion.
Trial-by-trial analysis of the relationship between temperature
and hemodynamic-metabolic variables during stimulation,
hypercapnia and seizures, were performed after standardization
of the data using z-scores. Timeseries of all variables are
presented as a percentage change from baseline, and errors are
given as the standard error from the mean (SEM). Regression
models were ﬁtted using ordinary least squares. Wilcoxon signed
rank tests were used to test signiﬁcant changes in individual
variables, and signiﬁcant diﬀerences between conditions assessed
using a Kruskal–Wallis test with Tukey–Kramer correction for
multiple comparisons.
The focus of the present paper is the examination of cortical
temperature changes during a range of functional activation
types, and how these relate to hemodynamic-metabolic changes.
Speciﬁc emphasis is given to the eﬀects of these temperature
FIGURE 1 | Temperature, hemodynamic, and oxidative metabolism changes during sensory stimulation, graded hypercapnia and recurrent acute neocortical
seizures. (A) Digital image of cortical surface showing implantation sites of recording probes in a representative animal (Left), colocalized to barrel cortex activated by
whisker stimulation, and visualized using SPM (Right, blue, and red colors indicate negative and positive activation areas, respectively). (B) Averaged peak change in
temperature during whisker stimulation (N = 5), 5 and 10% fraction of inspired CO2 (FICO2, N = 5 in each case) and recurrent seizures (N = 6). Individual
comparisons made using 1-tailed Wilcoxon signed-ranks tests. Statistical comparisons made using Kruskal–Wallis tests with Tukey-Kramer correction. ∗P < 0.05
and ∗∗P < 0.01. (C) Percentage change from baseline in cortical temperature (black), Hbt (light blue), CBF (red), and CMRO2 (dark blue) during sensory stimulation
(Left), graded hypercapnia (Middle) and recurrent acute neocortical seizures (Right, first 2,500 s of seizure activity), averaged across animals. Error bars are SEM.
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FIGURE 2 | Relationship between temperature and CMRO2, Hbt, and CBF during a range of brain activation types. Trial-by-trial analysis of coupling between
standardized CMRO2 (Left), Hbt (Middle) and CBF (Right), and temperature, during sensory stimulation (Top, N = 72), pooled hypercapnia (Middle, N = 30), and
recurrent seizures (Top, N = 6). Disregarded outliers in sensory stimulation condition marked as red crosses (N = 3). Linear functions (gray) fitted using least squares
regression with Pearson correlation coefficients and significance given as insets.
changes, per se, on the BOLD fMRI signal. Tissue oxygenation
and laminar neural activity dynamics in the context of neural-
hemodynamic coupling, have been investigated recently, educed
using the same multi-modal methodology described herein, in
our companion paper (Harris et al., 2018).
RESULTS
Temperature Increases During a Range
of Brain Activations Are Hbt-Dependent
We exploited our methodology to investigate cortical
temperature changes, and their hemodynamic-metabolic
underpinnings, during stimulation, hypercapnia, and recurrent
seizures. Baseline cortical temperature across animals prior
to experiments was 32.4 ± 0.3◦C (N = 11) while core/body
temperature was maintained at 37◦C. This temperature is
consistent with upper/middle neocortical laminae in anesthetized
rats under controlled conditions being characteristically 3–4◦C
cooler than core body temperature (Zhu et al., 2006). Cortical
temperature increased signiﬁcantly during sensory stimulation
(peak change in temperature: 0.4 ± 0.03◦C, p < 0.05, 1-tailed
Wilcoxon signed rank test), hypercapnia (peak change in
temperature: 0.9 ± 0.1◦C and 1.6 ± 0.2◦C, 5 and 10% FICO2,
respectively, N = 5 in both cases, p < 0.05, 1-tailed Wilcoxon
signed rank test) and recurrent seizures (peak change in
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temperature: 1.8 ± 0.1◦C, N = 6, p < 0.05, 1-tailed Wilcoxon
signed rank test) (Figure 1B). Notably, signiﬁcant diﬀerences
in peak temperature were only observed between whisker
stimulation and 10% hypercapnia, and whisker stimulation
and recurrent seizures (p < 0.05 and p < 0.01, respectively,
Kruskal–Wallis test with Tukey–Kramer correction for multiple
comparisons, Figure 1B). Average temperature time-series
across functional activation types exhibited slow onset dynamics
(Figure 1C, black traces) that appeared to more closely resemble
those of Hbt (Figure 1C, light blue traces). In contrast, CBF
displayed faster onset dynamics (Figure 1C, red traces) that was
also reﬂected in early changes in CMRO2 (Figure 1C, dark blue
trace), since such estimates rely explicitly on CBF. Notably, large
temperature increases were observed during graded hypercapnia,
despite the fact that CMRO2 decreased during evolution of the
gas-challenge (Figure 1C, middle panels, black versus dark blue
traces). Taken together, these results suggest that temperature
increases during diﬀerent forms of brain activation in our rodent
model are primarily hemodynamic dependent.
To investigate this further, we conducted trial-by-trial analysis
to assess the role of oxidative metabolism and perfusion-
related variables on the observed temperature changes across
experimental conditions. Weak and variable correlations were
observed during sensory stimulation, most probably due the
small induced changes in cortical temperature leading to a
reduced signal to noise ratio (Figure 2, top panels). Following
automated removal of three temperature outliers (deﬁned as
>3 scaled median absolute deviations away from the median,
Figure 2, top panels, red crosses), the most prominent ﬁnding
was that of a signiﬁcant correlation between cortical temperature
and Hbt (r = 0.3, p = 0.01, N = 72, Figure 2, top middle
panel). In contrast, during hypercapnia, robust and signiﬁcant
linear correlations were observed between temperature and Hbt
(r = 0.75, p = 2.3e−6, N = 30), and temperature and CBF
(r = 0.72, p = 7.6e−6, N = 30) (Figure 2, middle panels). Finally,
with respect to recurrent seizures, strong linear correlations
between cortical temperature changes and CMRO2 (r = 0.65),
Hbt (r = 0.99), and CBF (r = 0.54), were observed (Figure 2,
bottom panels), but only reached signiﬁcance in the case of Hbt
(p = 5.3e−5,N = 6). In combination, these results indicate that the
observed cortical temperature changes in our anesthetized rodent
model are predominantly perfusion-dependent, and particularly
reﬂect changes in Hbt, across a range of brain activation
types.
Temperature Increases During Brain
Activation Can Modulate BOLD fMRI
Signal Intensity
We next assessed whether the observed temperature changes
recorded during brain activation could, in of themselves, aﬀect
BOLD fMRI signal intensity, using a saline-based phantom and
a FLASH fMRI approach (Figure 3A). Relaxation of the pre-
heated phantom from 38 to 24◦C produced a marked (35–
44%) increase in BOLD signal intensity across all TRs and TEs
examined (Figures 3C–F, left panels). Importantly, this increase
in signal intensity was not due to time/repeated scanning, since
signal intensity remained approximately constant (coeﬃcient of
variation <1%, ratio of standard deviation to the mean) across
all TR/TEs during recurrent acquisitions over the same period
of time at a constant temperature of 32.5◦C (i.e., a comparable
temperature to our measured in vivo baseline, Figure 3B).
The relationship between phantom temperature and signal
intensity in each scanning condition was well described using a
decreasing second-order polynomial function (R2 > 0.99 across
all four cases, light blue text, Figures 3C–F right panels). This
inverse coupling was preserved across all examined TR and
TE combinations (TR/TE = 125/6 ms, 125/12 ms, 1,000/6 ms,
1,000/12 ms), such that a generalized second-order polynomial
with averaged coeﬃcients from each condition’s individual model
provided an excellent ﬁt to the data (R2 = 0.95–0.99, light
red text, Figures 3C–F right panels). This indicates that the
inverse relationship seen between temperature and BOLD signal
intensity appears to be independent of T1 or T2∗ weighting, and
that the observed change in signal intensity seemingly arises due
to the intrinsic inﬂuence of temperature on proton spin-density
eﬀects.
We subsequently employed the generalized second-order
model to estimate what eﬀect the observed activation-dependent
temperature increases might have on BOLD signal intensity,
during in vivo neuroimaging. Based on this model, a 0.4◦C
increase in cortical temperature due to functional hyperemia,
from a baseline of 32.4◦C, would be associated with a 1.02%
decrease in BOLD signal intensity (Figure 4, light blue). Five and
ten percent hypercapnia, in turn, with increases of 0.9 and 1.6◦C
from baseline, would equate to an approximate reduction in
BOLD signal intensity of 2.27 and 3.96%, respectively (Figure 4,
light and dark green). Finally, the dramatic 1.8◦C increase
in temperature seen during recurrent seizures would likely be
accompanied by a 4.44% decrease in BOLD signal (Figure 4,
blue). Taken together, these estimates suggest that hemodynamic-
dependent increases in cortical temperature have the potential to
markedly confound BOLD neuroimaging data and the modeling
of such signals in anesthetized rodents.
DISCUSSION
The current study focused on using a novel methodology
to characterize temperature changes, and their underpinning
hemodynamic-metabolic drivers, during a range of physiological
and pathological brain activation in a popular anesthetized rat
preparation. Of note, we show there to be signiﬁcant increases
in cortical temperature during stimulation, hypercapnia, and
recurrent seizures, that were preferentially correlated to changes
in Hbt (i.e., cerebral blood volume). Furthermore, using
phantom-based evaluation, we reveal that such temperature
increases per se can induce marked decreases in BOLD fMRI
signal intensity. These ﬁndings conﬁrm and extend previous
investigations into the etiology and dynamics of cortical
temperature changes during functional activation in anesthetized
rodents, and have important implications to the interpretation
and calibration of perfusion-related neuroimaging signals in pre-
clinical models.
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FIGURE 3 | Temperature-dependence of the BOLD fMRI signal. (A) Coronal image of saline-phantom, with inset of example region of interest (ROI) from which fMRI
timeseries data was extracted. (B) Confirmation that BOLD signal intensity remains approximately constant at all TR/TE combinations studied during repeated scan
acquisitions over 3,000 s with a constant phantom temperature of 32.5◦C (bar graph at bottom illustrates low coefficient of variation in each condition). (C) Left:
Percentage change in BOLD signal intensity during phantom-cooling from 38 to 24◦C, TR/TE = 125/6 ms. Right: Associated inverse coupling between BOLD signal
intensity and temperature from data shown in left panel. Second order polynomial function fitted using least-squares regression (blue), which provided an excellent fit
to the data (R2 = 0.99). 95% confidence bounds are shown as dashed gray lines. (D–F) same as in C, but with TR/TE = 125/12 ms, 1,000/6 ms, and 1,000/12 ms,
respectively. (C–F) Generalized second-order polynomial functions fitted using least-squares and averaged coefficients from individual regression models in C–F (red)
provided comparable fits (R2 = 0.95–0.99).
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FIGURE 4 | Estimates of percentage changes in BOLD signal intensity due to intrinsic temperature variations such as those observed during sensory stimulation,
graded hypercapnia and recurrent seizure activity (Figure 1B). Red regression curve from generalized regression model obtained in Figures 3C–F.
Significant Increases in Cortical
Temperature During a Spectrum of Brain
Activation Are Hbt-Dependent
We detected signiﬁcant increases in cortical temperature during
whisker stimulation (0.4◦C), hypercapnia (5%, 0.9◦C; 10%,
1.6◦C), and recurrent seizures (1.8◦C). Previous work examining
brain temperature changes in small animal models have yielded
variable results, both within and across diﬀerent forms of
brain activation. Thermocouple based invasive measures of
temperature changes to diﬀering stimuli have been reported
as 0.001–0.25◦C in the anesthetized and awake cat (McElligott
and Melzack, 1967; Melzack and Casey, 1967), and ∼0.1◦C in
the chloral hydrate/halothane anesthetized rat (Lamanna et al.,
1989). Other studies using a multi-sensor probe, as used here,
also reported a ∼0.1◦C increase during long-duration forepaw
stimulation in the alpha-chloralose anesthetized rat (Trübel et al.,
2006). More recently, infrared imaging of rat somatosensory
cortex revealed signiﬁcant increases ranging from 0.05 to 0.1◦C
during whisker stimulation in the urethane-anesthetized rat
(Suzuki et al., 2012). Similar variability has also been seen under
hypercapnia, where global increases in CBF are induced, in which
increases in brain temperature in the range 0.1–0.9◦C have been
previously reported in rat under diﬀerent anesthetic regimes
(Lamanna et al., 1989; Trübel et al., 2004; Zhu et al., 2009). So
too also in anesthetized rat models of experimental epilepsy, such
as >0.25◦C (Lamanna et al., 1989), 0.3◦C (Yang et al., 2002),
and 1.2◦C (Trübel et al., 2004), during induced pentylenetetrazol,
4-AP and bicuculline seizures, respectively.
The cause of this variability in the literature is most
likely driven by diﬀerences in the brain/body-core temperature
diﬀerential across methodologies, which are invariably negative
in small animals that possess brains with large surface-to-
volume ratios that are susceptible to increased heat loss to
the environment. Functional hyperemia in such models, where
brain temperature is cooler than the core, thus induces cerebral
temperature to increase and approach that of the incoming
core-temperature blood through heat-exchange (Collins et al.,
2004; Sukstanskii and Yablonskiy, 2006; Zhu et al., 2009). As
a result, diﬀerences in brain exposure to the environment
during experiments (Collins et al., 2004; Kalmbach and Waters,
2012) as well as anesthetic regime, through anesthesia-dependent
inﬂuences of resting blood ﬂow (Zhu et al., 2004, 2009),
can substantially aﬀect the degree of negative brain/body-
core temperature diﬀerential and underpin inconsistency in
the aforementioned reports. In contrast, in humans and other
large animals, brain temperature may be elevated relative to the
core (i.e., positive brain/core temperature diﬀerential), such that
functional hyperemia acts as a coolant and can reduce cerebral
temperature by ∼0.2◦C during prolonged visual stimulation
in human (Yablonskiy et al., 2000). Heat production as a
byproduct of increased metabolic rate also contributes to cerebral
temperature changes during functional activation, but is thought
to play only a marginal role compared to perfusion changes
in the presence of large brain-core temperature diﬀerentials
(Yablonskiy et al., 2000; Collins et al., 2004; Zhu et al., 2006,
2009).
Our results therefore conﬁrm and extend the above studies in
that temperature changes across experimental conditions were
positively coupled to hemodynamic changes, and importantly,
signiﬁcantly correlated to those of Hbt, with little or no
dependence on changes in CMRO2 (Figure 2). This tendency
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can be explained by the fact that temperature changes were
slow to peak, in a similar manner to that of Hbt and in
contrast to CBF. Furthermore, given that capillary hyperemia
may underpin delayed Hbt dynamics (Hillman et al., 2007),
and the propensity for heat transfer at the capillary level
through extensive ﬂuid exchange (Yablonskiy et al., 2000), we
suggest that Hbt changes in the capillary bed underpins the
observed temperature changes. This would also follow under
the presumption that Hbt is biased to changes in capillary
regions, due to the ROI capturing primarily the parenchyma
with relatively less surface microvasculature. Notably, this
ﬁnding indicates that measures of Hbt/CBV could be valuable
inputs to theoretical models of brain temperature (Yablonskiy
et al., 2000; Collins et al., 2004; Sotero and Iturria-Medina,
2011).
Temperature-Dependent Effects on the
BOLD fMRI Signal
Cerebral temperature changes are known to aﬀect metabolic
rate (Swan, 1974) and the aﬃnity of Hb for oxygen (Hall,
2015). Temperature ﬂuctuations thus inﬂuence the BOLD fMRI
signal, which relies on the poorly understood coupling between
cerebral blood ﬂow, metabolism and Hb oxygenation (Ogawa
et al., 1993). Indeed, recent theoretical work has established the
relationship between changes in temperature and the BOLD
fMRI signal in the human brain (Yablonskiy et al., 2000; Sotero
and Iturria-Medina, 2011).Manipulated increases in anesthetized
rat body temperature have also been demonstrated to decrease
the BOLD fMRI signal, a phenomenon attributed to decreased
aﬃnity of Hb for oxygen and an increase in deoxyhemoglobin
concentration (Vanhoutte et al., 2006). However, MR relaxation
properties have also been shown to relate to manipulated
temperature of ex vivo human tissue samples (Petrén-Mallmin
et al., 1993). This implies that the BOLD fMRI signal can
be modulated by temperature changes, in of themselves, even
in the absence of physiological activation and the subsequent
temperature-dependent modulation of hemodynamic-metabolic
processes that underpin the BOLD signal in vivo. Surprisingly,
this possibility has not been previously investigated, and is of
particular relevance to anesthetized rodent BOLD neuroimaging
studies where functional activation induces signiﬁcant increases
in cortical temperature, as described above. Here, using a
phantom-based evaluation, we demonstrate that temperature
increases, such as those observed during whisker stimulation,
hypercapnia and recurrent seizures in our model (0.4–1.8◦C),
markedly decrease BOLD signal intensity by ∼1–4% (Figure 4)
with a fast FLASH based MR sequence. We elected not to
use a standard Echo-Planar Imaging (EPI) approach to assess
the BOLD signal change as a function of temperature since
an EPI pulse sequence has a confounding signal drift caused
by the high imaging readout load on the system (Vos et al.,
2017). This causes heating eﬀects, both in the sample and
electronics, which can decrease, for example, fat suppression
eﬃciency (Thesen et al., 2003), and decrease the scanner’s
temporal stability (Benner et al., 2006). Disambiguating the
sample temperature dependent signal from the above would
therefore have proved inherently more challenging. We were able
to bypass these potential signal confounds using a FLASH based
Gradient Echo sequence at a lower image temporal resolution,
but same image/relaxation contrast, since the timeframe for
the phantom to decrease in temperature was ∼3,000 s. This
intrinsic inverse eﬀect of temperature on BOLD signal intensity,
as well as the increased metabolic rates and facilitated unloading
of oxygen from hemoglobin as a result of activation-induced
temperature increases, such as those presented here, should
therefore be taken into consideration when interpreting BOLD
fMRI signal changes in small animal models that possess
negative brain-core temperature diﬀerentials, and which can
be exacerbated by degree of brain exposure and anesthesia.
This is particularly relevant to the growing number of studies
examining the neurophysiological underpinnings of the BOLD
signal using simultaneous BOLD fMRI and optical modalities,
such as calcium imaging (Schulz et al., 2012; Liang et al., 2017)
and optogenetics (Lee et al., 2010; Yu et al., 2016; Schmid
et al., 2017), that are typically conducted using anesthetized and
anesthetized rodentmodels (including themodel described here),
and require a craniotomy for imaging and/or illumination. It
is also pertinent to studies using hypercapnia to calibrate fMRI
signals to a baseline CMRO2 and examine subsequent transients
during functional activation (Davis et al., 1998; Kida et al.,
2007).
CONCLUSION
In conclusion, this study provides novel insights into the
dynamics and hemodynamic drivers of cortical temperature
changes during a range of physiological and pathological
brain activations in a commonly used anesthetized rat model,
and urges caution when calibrating and interpreting BOLD
signals in preclinical models where temperature increases
during gas challenges and functional activation are likely to
have a confounding eﬀect. Further elucidating the feedback
relationship between cortical temperature and hemodynamic
and metabolic processes during functional activation, in the
context of brain-core temperature diﬀerentials, and subsequent
(and intrinsic temperature) eﬀects on the BOLD signal,
will require tight control of brain temperature alongside
invasive measures of hemodynamic and oxidative metabolism,
and concurrent BOLD fMRI imaging. This is currently in
development in our laboratory, and will be a crucial next
step to understanding the role of brain temperature variations
in regulating cerebral processes, and the impact of these on
existing and novel functional neuroimaging signals in preclinical
models.
AUTHOR CONTRIBUTIONS
SH, LB, DD, AK, and PS performed the experiments. SH, LB, AK,
CM, PR, TS, and JB generated the research idea, study design, and
concept. SH, LB, TS, and JB wrote the manuscript. SH, TS, and JB
analyzed and interpreted the data.
Frontiers in Neuroscience | www.frontiersin.org 9 August 2018 | Volume 12 | Article 550
Harris et al. Cortical Temperature in Anesthetized Rat
FUNDING
This work was supported by the UK Medical Research Council
(Grant No. M013553) and Epilepsy Research UK (Grant No.
P1501).
ACKNOWLEDGMENTS
We thank the technical staﬀ of the University of Sheﬃeld’s
Department of Psychology, Natalie Kennerley and Michael
Port.
REFERENCES
Benner, T., van der Kouwe, A. J., Kirsch, J. E., and Sorensen, A. G. (2006). Real-time
RF pulse adjustment for B0 drift correction. Magn. Reson. Med. 56, 204–209.
doi: 10.1002/mrm.20936
Berwick, J., Johnston, D., Jones, M., Martindale, J., Martin, C., Kennerley, A.,
et al. (2008). Fine detail of neurovascular coupling revealed by spatiotemporal
analysis of the hemodynamic response to single whisker stimulation in rat
barrel cortex. J. Neurophysiol. 99, 787–798. doi: 10.1152/jn.00658.2007
Berwick, J., Johnston, D., Jones, M., Martindale, J., Redgrave, P., McLoughlin, N.,
et al. (2005). Neurovascular coupling investigated with two-dimensional optical
imaging spectroscopy in rat whisker barrel cortex. Eur. J. Neurosci. 22, 1655–
1666. doi: 10.1111/j.1460-9568.2005.04347.x
Collins, C. M., Smith, M. B., and Turner, R. (2004). Model of local temperature
changes in brain upon functional activation. J. Appl. Physiol. 97, 2051–2055.
doi: 10.1152/japplphysiol.00626.2004
Cui, M., Zhou, Y., Wei, B., Zhu, X.-H., Zhu, W., Sanders, M. A., et al. (2017).
A proof-of-concept study for developing integrated two-photon microscopic
and magnetic resonance imaging modality at ultrahigh ﬁeld of 16.4 tesla. Sci.
Rep. 7:2733. doi: 10.1038/s41598-017-02864-0
Davis, T. L., Kwong, K. K., Weisskoﬀ, R. M., and Rosen, B. R. (1998). Calibrated
functional MRI: mapping the dynamics of oxidative metabolism. Proc. Natl.
Acad. Sci. U.S.A. 95, 1834–1839. doi: 10.1073/pnas.95.4.1834
Devor, A., Ulbert, I., Dunn, A. K., Narayanan, S. N., Jones, S. R., Andermann,
M. L., et al. (2005). Coupling of the cortical hemodynamic response to cortical
and thalamic neuronal activity. Proc. Natl. Acad. Sci. U.S.A. 102, 3822–3827.
doi: 10.1073/pnas.0407789102
Fordsmann, J. C., Ko, R. W., Choi, H. B., Thomsen, K., Witgen, B. M.,
Mathiesen, C., et al. (2013). Increased 20-HETE synthesis explains reduced
cerebral blood ﬂow but not impaired neurovascular coupling after cortical
spreading depression in rat cerebral cortex. J. Neurosci. 33, 2562–2570.
doi: 10.1523/JNEUROSCI.2308-12.2013
Gjedde, A. (2005). “The pathways of oxygen in brain I,” in Oxygen Transport to
Tissue XXVI. Advances in Experimental Medicine and Biology, Vol. 566, eds P.
Okunieﬀ, J. Williams, and Y. Chen (Boston, MA: Springer).
Hall, J. E. (2015). Guyton and Hall Textbook of Medical Physiology: Amsterdam:
Elsevier Health Sciences.
Harris, S. S., Boorman, L.W., Kennerley, A. J., Sharp, P. S., Martin, C., Redgrave, P.,
Schwartz, T. H., et al. (2018). Seizure epicenter depth and translaminar ﬁeld
potential synchrony underlie complex variations in tissue oxygenation during
ictal initiation. Neuroimage 171, 165–175. doi: 10.1016/j.neuroimage.2017.
12.088
Harris, S., Boorman, L., Bruyns-Haylett, M., Kennerley, A., Ma, H., Zhao, M.,
et al. (2014a). Contralateral dissociation between neural activity and cerebral
blood volume during recurrent acute focal neocortical seizures. Epilepsia 55,
1423–1430. doi: 10.1111/epi.12726
Harris, S., Bruyns-Haylett, M., Kennerley, A., Boorman, L., Overton, P. G.,
Ma, H., et al. (2013). The eﬀects of focal epileptic activity on regional sensory-
evoked neurovascular coupling and postictal modulation of bilateral sensory
processing. J. Cereb. Blood Flow Metab. 33, 1595–1604. doi: 10.1038/jcbfm.
2013.115
Harris, S., Ma, H., Zhao, M., Boorman, L., Zheng, Y., Kennerley, A., et al. (2014b).
Coupling between gamma-band power and cerebral blood volume during
recurrent acute neocortical seizures. NeuroImage 97, 62–70. doi: 10.1016/j.
neuroimage.2014.04.014
He, J., Devonshire, I. M., Mayhew, J. E. W., and Papadakis, N. G.
(2007). Simultaneous laser Doppler ﬂowmetry and arterial spin
labeling MRI for measurement of functional perfusion changes in the
cortex. Neuroimage 34, 1391–1404. doi: 10.1016/j.neuroimage.2006.
11.017
Hillman, E. M., Devor, A., Bouchard, M. B., Dunn, A. K., Krauss, G.,
Skoch, J., Bacskai, B. J., et al. (2007). Depth-resolved optical imaging
and microscopy of vascular compartment dynamics during somatosensory
stimulation. Neuroimage 35, 89–104. doi: 10.1016/j.neuroimage.2006.11.032
Huttunen, J. K., Gröhn, O., and Penttonen, M. (2008). Coupling between
simultaneously recorded BOLD response and neuronal activity in the rat
somatosensory cortex. Neuroimage 39, 775–785. doi: 10.1016/j.neuroimage.
2007.06.042
Jessen, S. B., Brazhe, A., Lind, B. L., Mathiesen, C., Thomsen, K., Jensen, K., et al.
(2015) GABAA receptor-mediated bidirectional control of synaptic activity,
intracellular Ca2+, cerebral blood ﬂow, and oxygen consumption in mouse
somatosensory cortex in vivo. Cereb. Cortex (New York, NY: 1991) 25, 2594–
2609.
Kalmbach, A. S., and Waters, J. (2012). Brain surface temperature under a
craniotomy. J. Neurophysiol. 108, 3138–3146. doi: 10.1152/jn.00557.2012
Kennerley, A. J., Berwick, J., Martindale, J., Johnston, D., Papadakis, N., and
Mayhew, J. E. (2005). Concurrent fMRI and optical measures for the
investigation of the hemodynamic response function. Magn. Reson. Med. 54,
354–365. doi: 10.1002/mrm.20511
Kennerley, A. J., Berwick, J., Martindale, J., Johnston, D., Zheng, Y., and Mayhew,
J. E. (2009). Reﬁnement of optical imaging spectroscopy algorithms using
concurrent BOLD and CBV fMRI. Neuroimage 47, 1608–1619. doi: 10.1016/j.
neuroimage.2009.05.092
Kennerley, A. J., Mayhew, J. E., Boorman, L., Zheng, Y., and Berwick, J.
(2012). Is optical imaging spectroscopy a viable measurement technique for
the investigation of the negative BOLD phenomenon? A concurrent optical
imaging spectroscopy and fMRI study at high ﬁeld (7T).Neuroimage 61, 10–20.
doi: 10.1016/j.neuroimage.2012.03.015
Kida, I., Rothman, D. L., and Hyder, F. (2007). Dynamics of changes in blood
ﬂow, volume, and oxygenation: implications for dynamic functional magnetic
resonance imaging calibration. J. Cereb. Blood Flow Metab. 27, 690–696. doi:
10.1038/sj.jcbfm.9600409
Lamanna, J. C., Mccracken, K. A., Patil, M., and Prohaska, O. J. (1989). Stimulus-
activated changes in brain tissue temperature in the anesthetized rat. Metab.
Brain Dis. 4, 225–237. doi: 10.1007/BF00999769
Lee, J. H., Durand, R., Gradinaru, V., Zhang, F., Goshen, I., Kim, D.-S., et al. (2010).
Global and local fMRI signals driven by neurons deﬁned optogenetically by type
and wiring. Nature 465, 788–792. doi: 10.1038/nature09108
Liang, Z., Ma, Y., Watson, G. D. R., and Zhang, N. (2017). Simultaneous GCaMP6-
based ﬁber photometry and fMRI in rats. J. Neurosci. Methods 289, 31–38.
doi: 10.1016/j.jneumeth.2017.07.002
Ma, H., Harris, S., Rahmani, R., Laceﬁeld, C. O., Zhao, M., Daniel, A. G., et al.
(2014). Wide-ﬁeld in vivo neocortical calcium dye imaging using a convection-
enhanced loading technique combined with simultaneous multiwavelength
imaging of voltage-sensitive dyes and hemodynamic signals. Neurophotonics
1:015003. doi: 10.1117/1.NPh.1.1.015003
Ma, H., Zhao, M., and Schwartz, T. H. (2012). Dynamic neurovascular coupling
and uncoupling during ictal onset, propagation, and termination revealed by
simultaneous in vivo optical imaging of neural activity and local blood volume.
Cereb. Cortex 23, 885–899. doi: 10.1093/cercor/bhs079
Martin, C. J., Kennerley, A. J., Berwick, J., Port, M., and Mayhew, J. E. W. (2013).
Functional magnetic resonance imaging in conscious rats using a chronically
implanted surface coil. J. Magn. Reson. Imag. JMRI 38, 739–744. doi: 10.1002/
jmri.23914
Masamoto, K., and Kanno, I. (2012). Anesthesia and the quantitative evaluation
of neurovascular coupling. J. Cereb. Blood Flow Metab. 32, 1233–1247.
doi: 10.1038/jcbfm.2012.50
McElligott, J., and Melzack, R. (1967). Localized thermal changes evoked in the
brain by visual and auditory stimulation. Exp. Neurol. 17, 293–312. doi: 10.1016/
0014-4886(67)90108-2
Frontiers in Neuroscience | www.frontiersin.org 10 August 2018 | Volume 12 | Article 550
Harris et al. Cortical Temperature in Anesthetized Rat
Melzack, R., and Casey, K. (1967). Localized temperature changes evoked in the
brain by somatic stimulation. Exp. Neurol. 17, 276–292. doi: 10.1016/0014-
4886(67)90107-0
Ogawa, S., Menon, R., Tank, D., Kim, S., Merkle, H., Ellermann, J., et al. (1993).
Functional brain mapping by blood oxygenation level-dependent contrast
magnetic resonance imaging. A comparison of signal characteristics with
a biophysical model. Biophys. J. 64, 803–812. doi: 10.1016/S0006-3495(93)
81441-3
Pagliardini, S., Funk, G. D., and Dickson, C. T. (2013). Breathing and brain state:
urethane anesthesia as a model for natural sleep. Respirat. Physiol. Neurobiol.
188, 324–332. doi: 10.1016/j.resp.2013.05.035
Petrén-Mallmin, M., Ericsson, A., Rauschning, W., and Hemmingsson, A. (1993).
The eﬀect of temperature on MR relaxation times and signal intensities for
human tissues. Magn. Reson. Mater. Phys. Biol. Med. 1, 176–184. doi: 10.1007/
BF01769420
Piilgaard, H.,Witgen, B.M., Rasmussen, P., and Lauritzen,M. (2011). Cyclosporine
A FK506, and NIM811 ameliorate prolonged CBF reduction and impaired
neurovascular coupling after cortical spreading depression. J. Cereb. Blood Flow
Metab. 31, 1588–1598. doi: 10.1038/jcbfm.2011.28
Sceniak, M. P., andMacIver, M. B. (2006). Cellular actions of urethane on rat visual
cortical neurons in vitro. J. Neurophysiol. 95, 3865–3874. doi: 10.1152/jn.01196.
2005
Schmid, F.,Wachsmuth, L., Albers, F., Schwalm,M., Stroh, A., and Faber, C. (2017).
True and apparent optogenetic BOLD fMRI signals. Magn. Reson. Med. 77,
126–136. doi: 10.1002/mrm.26095
Schulz, K., Sydekum, E., Krueppel, R., Engelbrecht, C. J., Schlegel, F.,
Schroter, A., et al. (2012). Simultaneous BOLD fMRI and ﬁber-optic calcium
recording in rat neocortex. Nat. Methods 9, 597–602. doi: 10.1038/nmeth.
2013
Shirey, M. J., Smith, J. B., D’Anne, E. K., Huo, B.-X., Greene, S. E., and Drew,
P. J. (2015). Brief anesthesia, but not voluntary locomotion, signiﬁcantly alters
cortical temperature. J. Neurophysiol. 114, 309–322. doi: 10.1152/jn.00046.
2015
Sotero, R. C., and Iturria-Medina, Y. (2011). From blood oxygenation level
dependent (BOLD) signals to brain temperature maps. Bull. Math. Biol. 73,
2731–2747. doi: 10.1007/s11538-011-9645-5
Sukstanskii, A. L., and Yablonskiy, D. A. (2006). Theoretical model of temperature
regulation in the brain during changes in functional activity. Proc. Natl. Acad.
Sci. U.S.A. 103, 12144–12149. doi: 10.1073/pnas.0604376103
Suzuki, T., Ooi, Y., and Seki, J. (2012). Infrared thermal imaging of rat
somatosensory cortex with whisker stimulation. J. Appl. Physiol. 112, 1215–
1222. doi: 10.1152/japplphysiol.00867.2011
Swan, H. (1974). Thermoregulation and Bioenergetics: Patterns for Vertebrate
Survival. New York, NY: American Elsevier Publishing Co, Inc, 1442.
Thesen, S., Kruger, G., andMuller, E. (2003). Absolute correction of B0 ﬂuctuations
in echo-planar imaging. Proc. Int. Soc. Magn. Reson. Med. 11:1025.
Tolner, E. A., Hochman, D. W., Hassinen, P., Otáhal, J., Gaily, E., Haglund,
M. M., et al. (2011). Five percent CO2 is a potent, fast-acting inhalation
anticonvulsant. Epilepsia 52, 104–114. doi: 10.1111/j.1528-1167.2010.0
2731.x
Trübel, H. K., Sacolick, L. I., and Hyder, F. (2006). Regional temperature changes
in the brain during somatosensory stimulation. J. Cereb. Blood Flow Metab. 26,
68–78. doi: 10.1038/sj.jcbfm.9600164
Trübel, H., Herman, P., Kampmann, C., Huth, R., Maciejewski, P. K., Novotny, E.,
et al. (2004). A novel approach for selective brain cooling: implications for
hypercapnia and seizure activity. Intensive Care Med. 30, 1829–1833. doi: 10.
1007/s00134-004-2350-1
Vanhoutte, G., Verhoye, M., and Van der Linden, A. (2006). Changing body
temperature aﬀects the T2∗ signal in the rat brain and reveals hypothalamic
activity.Magn. Reson. Med. 55, 1006–1012. doi: 10.1002/mrm.20861
Vos, S. B., Tax, C. M., Luijten, P. R., Ourselin, S., Leemans, A., and Froeling, M.
(2017). The importance of correcting for signal drift in diﬀusion MRI. Magn.
Reson. Med. 77, 285–299. doi: 10.1002/mrm.26124
Wang, L., Jacques, S. L., and Zheng, L. (1995). MCML–Monte Carlo modeling
of light transport in multi-layered tissues. Comput. Methods Programs 47,
131–146. doi: 10.1016/0169-2607(95)01640-F
Yablonskiy, D. A., Ackerman, J. J., and Raichle, M. E. (2000). Coupling between
changes in human brain temperature and oxidative metabolism during
prolonged visual stimulation. Proc. Natl. Acad. Sci. U.S.A. 97, 7603–7608.
doi: 10.1073/pnas.97.13.7603
Yang, X.-F., Chang, J. H., and Rothman, S. M. (2002). Intracerebral temperature
alterations associated with focal seizures. Epilepsy Res. 52, 97–105. doi: 10.1016/
S0920-1211(02)00193-6
Yu, X., He, Y., Wang, M., Merkle, H., Dodd, S. J., Silva, A. C., et al. (2016). Sensory
and optogenetically driven single-vessel fMRI. Nat. Methods 13, 337–340.
doi: 10.1038/nmeth.3765
Zhao, M., Nguyen, J., Ma, H., Nishimura, N., Schaﬀer, C. B., and Schwartz, T. H.
(2011). Preictal and ictal neurovascular and metabolic coupling surrounding a
seizure focus. J. Neurosci. 31, 13292–13300. doi: 10.1523/JNEUROSCI.2597-11.
2011
Zhu,M., Ackerman, J. J., and Yablonskiy, D. A. (2009). Body and brain temperature
coupling: the critical role of cerebral blood ﬂow. J. Compar. Physiol. B 179,
701–710. doi: 10.1007/s00360-009-0352-6
Zhu, M., Ackerman, J. J., Sukstanskii, A. L., and Yablonskiy, D. A. (2006). How the
body controls brain temperature: the temperature shielding eﬀect of cerebral
blood ﬂow. J. Appl. Physiol. 101, 1481–1488. doi: 10.1152/japplphysiol.00319.
2006
Zhu, M., Nehra, D., Ackerman, J. J. H., and Yablonskiy, D. A. (2004). On the role of
anesthesia on the body/brain temperature diﬀerential in rats. J. Ther. Biol. 29,
599–603. doi: 10.1016/j.jtherbio.2004.08.029
Zhu, X.-H., Zhang, Y., Tian, R.-X., Lei, H., Zhang, N., Zhang, X., et al. (2002).
Development of 17O NMR approach for fast imaging of cerebral metabolic rate
of oxygen in rat brain at high ﬁeld. Proc. Natl. Acad. Sci. U.S.A. 99, 13194–13199.
doi: 10.1073/pnas.202471399
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2018 Harris, Boorman, Das, Kennerley, Sharp, Martin, Redgrave,
Schwartz and Berwick. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 11 August 2018 | Volume 12 | Article 550
